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Abstract: 
We report on the increase in the spin reorientation temperature in HoFe0.5Cr0.5O3 compound 
by isovalent substitution (Cr
3+
) at the Fe-site and the magnetocapacitance in the HoFeO3 
compound. Spin reorientation transition is evident around 50 K and 150 K for the x = 0 and x 
= 0.5 compounds respectively. The increase in the spin reorientation transition temperature in 
case of x = 0.5 compound can be attributed to the domination of the Ho
3+
- Fe
3+
 interaction 
over the Fe
3+
- Fe
3+
 interaction. Decrease in Néel temperature from 643 K (x = 0) to 273 K (x 
= 0.5) can be ascribed to the decrease in the interaction between antiferromagnetically 
aligned Fe
3+ 
moments as a result of  the dilution of the Fe
3+
 moments with the Cr
3+
 addition. 
From the magnetization M vs. magnetic field H variation it is evident that the coercivity, HC 
decreases for x = 0.5 compound, hinting the magnetic softening of the HoFeO3 compound. 
Observed magnetocapacitance could be due to lossy dielectric mechanism in the present 
compound. Indeed, present results would be helpful in understanding the physics behind rare- 
earth orthoferrites.  
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Introduction: 
The complex magnetic coupling between the ions in the materials containing the rare earth 
and the transition metal shows a variety of interesting properties. Fundamentally, the 
orientation of the strongly interacting spins of a transition metal which order at high 
temperatures can be controlled by the spins of the rare earth ions which order at lower 
temperatures, may lead to the spin reorientation (SR) transitions [1]. Such SR transitions may 
affect the magnetic, optical and elastic properties of the materials and have been observed in 
the compounds like rare-earth ferrites, chromites and manganites [2-4].  
The rare-earth orthoferrites have the complex spin structure between the rare-earth and the 
transition metal ions and are distorted perovskite family of canted antiferromagnets drawn 
considerable attention due to their unique physical properties [5] and potential application 
such as solid oxide fuel cells [6], magneto-optic devices [7], and multiferroics [8]. The 
Dzyaloshinsky–Moriya type canted weak ferromagnetism, an unusual large antisymmetric 
exchange interactions, extremely small anisotropy of Fe spins in a – c plane, and large 
anisotropy towards b - axis have been are the characteristics of these compounds [9]. 
Particularly, it has been understood that the Fe
3+
 moments in the RFeO3 compounds undergo 
a magnetic phase transition into a canted antiferromagnetic state in the temperature interval 
620 - 750 K. Among all the characteristics of the RFeO3 compounds, the SR is one of the 
distinctive magnetic transitions, where the direction of the easy axis of magnetization 
changes from one crystal axis to the other at lower temperatures [1]. Interestingly, the 
HoFeO3 compound is a representative of the rare-earth orthoferrites and has been believed to 
possess a canted G-type antiferromagnetism and potential candidate for the ultrafast 
recording [10] with a magnetic ordering temperature around 641 K [11]. For example, the 
HoFeO3 compound exhibits the SR transition around 50 K due to the competition between 
various complex magnetic interactions. Such a SR transition leads to a change in the 
magnetic structure from GxAyFz (Г4) to FxCyGz (Г2), where Gx, Ay, and Fz stand for the spin 
component along x, y, and z axis respectively in terms of the Bertaut’s notation [12]. In 
recent years, it has been believed that the variety of interesting properties can be induced by 
alloying different kinds of cations at the B-site of the perovskite materials [13]. According to 
the Goodenough-Kanamori theory, the Cr
3+
 is best choice for the Fe
3+
 to show superior 
magnetic properties due to a superexchange interaction [14]. On top of that it has been 
observed that the multiferroic behaviour in YCr1-xFexO3 [15] and the magnetodielectric effect 
in the DyFe0.5Cr0.5O3 [16] compounds by having both the Fe and Cr. Such interesting 
observations have not been paralleled in the Ho based orthoferrites. Substitution of the Cr
3+
 
to the Fe
3+ 
may give interesting structural and magnetic properties in the HoFeO3 compound. 
Hence, in the present work, our aim is to study and understand the complex magnetic 
interactions, tuning the SR transition and study the magnetocapacitance (MC) behaviour of 
the HoFeO3 compound. 
Experimental Details: 
Polycrystalline compounds of the HoFe1-xCrxO3 (x = 0 and 0.5) were prepared by 
conventional solid state reaction method using the High purity oxide powders of Ho2O3, 
Fe2O3, and Cr2O3 (purity > 99.9%) (Sigma-Aldrich chemicals India) as starting raw materials. 
The phase purity or the structural analysis was carried out at room temperature using the 
powder x - ray diffraction (XRD) (PANalytical X-ray diffractometer) with a Cu-Kα ra  at    
(              a     t  a ste  s  e         0    t e    e ra ge    t e Bragg a gles 2θ (2 0 - 
80
0
). Magnetization (M) vs. temperature (T) and M vs. magnetic field (H) were recorded with 
a Quantum Design MPMS-3 in the temperature range of 5 - 300 K. M vs. T was measured in 
the zero field cooling (ZFC) as well as the field cooling (FC) conditions. Essentially, in the 
ZFC conditions, the compound was cooled from 300 K to 5 K without application of any 
magnetic field. However, in case of the FC condition, the compound was cooled from 300 K 
in the presence of 1000 Oe up to a desired temperature, 5 K. Differential scanning 
calorimeter (DSC) in specific heat mode was used to measure the phase transition above 300 
K. During the measurement, the rate of heating was 10 K/min. Room temperature 
magnetocapacitance (MC) measurements were carried out on the HoFeO3 compound. Here 
the sample consists 10 mm as diameter and 1.692 mm as thickness. After keeping the 
HoFeO3 with the above dimensions in between aluminium discs with a diameter of 10 mm, 
MC was measured using Andeen - Hangeling 2700A Capacitance Bridge at 100 Hz. Room 
temperature polarization P vs. Electric field E loop measurements were carried out using 
aixACCT TF 2000 analyzer.  
Results and Discussion: 
Phase purity of the compounds HoFe1-xCrxO3 (x = 0, 0.5) is confirmed with the powder XRD. 
From the Fig. 1 it is clear that observed and indexed reflections are allowed for a compound 
with an orthorhombic GdFeO3 type disordered perovskite structure with a space group Pbnm. 
In addition to parent phase, we also could able to see a small peak which corresponds to iron 
garnet phase, Ho3Fe5O12 at around 32°, 35° and 45°.  It has been reported that the rare-earth 
iron garnet (R3Fe5O12) phase is stable compared to orthoferrites (RFeO3) at high temperature 
[17, 18]. The refinement has been carried out using the GSAS software and results of which 
have been published elsewhere [19].  
It has been reported that in the rare-earth orthoferrites, each Fe
3+
 ion on an adjacent 
octahedral site interact though an antiferromagnetic superexchange interaction mediated by 
an oxygen [14]. The strong interaction between the iron magnetic moments at high 
temperatures results in the transition from an antiferromagnetic (AFM) state to a 
paramagnetic state characterized by a Néel temperature (TN2). Fig.  2(a) illustrates the 
temperature dependence of the susce t b l ty χ (M vs. T) of HoFe1-xCrxO3 (x = 0, 0.50) 
compounds which were measured under ZFC condition in the temperature range 5 – 300 K. 
For x = 0 compound, starting from the l   tem erature, t e χ  ecreases   t  T and consists 
two humps at around 30 K (TSR1) and 50 K (TSR2) which can be attributed to the SR 
temperatures as reported in the literature [20].  In general such a SR transition in the rare- 
earth orthoferrites appear due to the transition between the Г4  Г2 and takes place between 
the rare-earth ordering temperature (TN1) and the TN2 (due to antiferromagnetic (AFM) 
alignment of Fe moments)[12]. It has been believed that the TSR1 is due to the competing 
Zeeman and Van Vleck mechanism [21], which vanishes upon doping the Fe
3+
 site with the 
Cr
3+
. Above 50 K we do not see any transition until 300 K neither due to an 
antiferromagnetism nor due to the SR, as though the Fe
3+
 moments couple 
antiferromagnetically at higher temperatures above 300 K. In order to find the exact value of 
TN2, a high temperature DSC in specific heat mode was used. The inset of Fig. 2(a) shows the 
DSC graph in a specific heat mode in the temperature range of 400 - 800 K. Essentially, the 
phase change from an AFM to a paramagnetic (PM) demands an entropy change, which 
would be reflected as heat flow curve in the DSC. It is evident from the figure that there 
exists an endothermic peak at 643 K which can be regarded as a Néel temperature (TN2). 
During the phase change, the heat is absorbed as it is evident from the endothermic peak in 
the DSC.  
In contrast, χ for the x = 0.5 compound consists a cusp at the low temperatures (~ 13 K) 
which could be due to the ordering of the rare-earth ion, Ho
3+
 (TN1). As we go to high 
temperatures, indeed there exists a transition due to the SR around 150 K, such SR transitions 
are apparent in the parent compound below 50 K. It is very interesting to note that in the 
parent compound two such SR transitions are evident below 50 K, while only one prevails in 
the  x = 0.5 compound at 150 K. The shift in the SR transition for the x = 0.5 compound is 
due to the fact that the SR transition temperature is determined by the complex exchange 
interaction between the Fe
3+
 and the Ho
3+
 ions [22]. Indeed there would be a competition 
between the Ho
3+
- Fe
3+
 and the Fe
3+
- Fe
3+
 interactions and if the Fe
3+
- Fe
3+
 interaction is 
strong, the probability of having the SR transition is at the low temperature. However, if the 
Fe
3+
- Fe
3+
 is weak the SR transition would takes place at high temperatures. In the present 
work as we substitute the Cr
3+
 to the Fe
3+
 site, the smaller value of the effective magnetic 
moment (μeff) pertinent to the Cr
3+
 (
B3.872 ) compared to that of the Fe
3+
 (
B5.916 ) reduces 
the contribution of the Fe
3+
 in the Fe
3+
 - Fe
3+
 interaction in the x = 0.5 compound. This indeed 
leads to the weakening of the Fe
3+
- Fe
3+
 interaction and results in the domination of the Ho
3+
 
- Fe
3+
 interaction, which demands a shift in the SR transition to a higher temperature (~ 150 
K).  Above 150 K, it is apparent that t ere ex sts a small  eak (clear  r m  /χ vs. T) at 273 K 
pertinent to the AFM transition. This also gives an indication that the Cr
3+
 dilutes the Fe
3+
- 
Fe
3+
 AFM interaction and hence the TN2 drastically reduces from 643 K to 273 K for x = 0.5 
compound. The observed sudden increase in the susceptibility at low temperatures can be 
ascribed to the ordering of the paramagnetic rare-earth Ho
3+
 ions.  
Fig. 2(b) shows the temperature dependence of the inverse susceptibility (1/χ vs. T) obtained 
for the x = 0.5 compound.  After fitting the linear region above TN2 (273 K), from the slope 
eff  is obtained and it is found to be B11.619 . The estimated value of the eff is found to be 
close to the theoretical value ( B11.726theory  ) calculated from the free ion values of Ho
3+
 (
B10.607 ), Fe
3+
 ( B5.916 ), and Cr
3+
 ( B3.872 ) (spin only values for Fe
3+
 and Cr
3+
) using 
the equation [23]  3+ 3+ 3+
1 2
2 2 2
Ho Fe Cr
1theory x x         and by assuming their randomness in 
the paramagnetic phase. The equation  3+ 3+
1 2
Fe /Cr
2 1S S      is used to calculate 
3+ 3+Fe Cr
   moments and the formula   3+
1 2
Ho
1Jg J J       is used to calculate 3+Ho  
moments. In the above equations S is the spin sate of 3+ 3+Fe Cr   and J represents the total 
angular momentum and gJ represents the La  ѐ g-factor respectively. For the x = 0.5 
compound,  the paramagnetic Curie temperature is estimated by extrapolating the high 
temperature linear region of 1/χ vs. T graph to x – axis and it is found to be - 10 K, which 
indicates an antiferromagnetic behaviour.  
The isothermal magnetization loops are measured at 300 K and 5 K in order to get more 
insights about the magnetic characteristics of HoFe1-xCrxO3 (x = 0 and 0.5) compounds. 
Figure 3(a) and 3(b) shows the magnetic field dependence of the magnetization (M vs. H) for 
HoFe1-xCrxO3 (x = 0 and 0.5) compounds measured at 300 K and 5 K respectively. Indeed 
there exists a loop opening (coercivity HC = 0.0720 T & remanence Mr      2  μB/f.u.) at the 
origin for x = 0 as it is evident from the inset of Fig. 3(a). In contrast, M vs. H variation is 
linear for x = 0.5 compound, which is in accordance with our earlier observation that this 
compound consists TN2 at around 273 K, above which it is a paramagnet. The loop opening 
for the x = 0 compound can be ascribed to the weak ferromagnetic behaviour which may be 
due to the presence of the canted Fe
3+
 moments.  Fig. 3(b) shows the M vs. H loops at 5 K. It 
is apparent from the figure that the magnetization consists a loop opening for both the x = 0 
and x = 0.5 compounds with a HC value of 0.2266 T and 0.0743 T respectively. This indeed 
indicates that with the Cr
3+
 addition, compound turns magnetically soft.  The magnetization 
behaviour at 5 K can be ascribed to the weak ferromagnetic nature of the compounds due to 
the canted moments in AFM configuration as a result of the Dzyaloshinsky-Moriya 
antisymmetric exchange interaction [9, 24]. The M vs. H can be represented as
AFM sM H   , where s  is the saturation magnetization of the weak ferromagnetism, and 
AFMH is the antiferromagnetic contribution [25]. The decrease in magnetization by 
incorporating Cr
3+
 ions at iron site may be due to the smaller effective moment of the Cr
3+
 (
B3.872 ) in comparison with the Fe
3+
 ( B5.916 ).   
MC measurements were carried out on a polycrystalline HoFeO3 compound to get the 
information about the microstructural changes in the material for an applied magnetic field. 
Fig.4 (a) indicates the room temperature variation of capacitance with respect to the H at a 
frequency of 100 Hz. It is evident from the figure that the capacitance increases with 
magnetic field until 0. 5 T and shows diminishing trend until 0.4 T. Further decrease in 
magnetic field leads to an increase in capacitance until - 0.8 T and continues to decrease until 
– 0.4 T, below which again it increases until 0 T. Arrows on the graph indicates the sequence 
for the capacitance behaviour. Indeed there exists a butterfly kind of loop, which resembles 
the variation of magnetostriction with respect to the magnetic field. Probable reason for the 
observed MC in the present compound could be due to (a) magnetostriction (b) 
magnetoelectric coupling [18]. In order to check we have done both the magnetostriction vs. 
magnetic field measurements and polarization (P) vs. electric field (E) measurements at 300 
K. Magnetostriction measurements were carried out using strain gauge method and the 
present compound does ’t s    a y mag et str ct    for and applied magnetic field as high 
as 1 T, hinting that the contribution from magnetostriction to MC can be ruled out. Fig. 4(b) 
shows unsaturated P vs. E loops on HoFeO3 at 300 K with a frequency of 100 Hz and at 
different applied electric fields in the range of 2 – 5 kV/cm, suggests the lossy dielectric 
behaviour [26]. The polarization of   38 μC/cm2 is evident at 5 kV/cm. Inset of Fig. 4(b) 
shows the small opening of P vs. E loop measured in the electric field range of 5 kV/cm. 
Indeed such an observation is puzzling due to the fact that one cannot expect electric 
polarization for a compound with centrosymmetric space group Pbnm. It has been observed 
that the spontaneous or the magnetic field induced electric polarization in orthoferrites 
appears below the antiferromagnetic Néel temperature of the rare earth ion [27]. 
Concurrently, it has been believed that the coexistence of Fe
2+
/Fe
3+
 in rare earth iron garnets 
leads to the movement of charge carriers and local dipoles which may in turn strongly affect 
their physical properties [28, 29]. Earlier ferroelectric behaviour and magnetocapacitance 
behaviour has been observed in Ho3Fe5O12 due to Fe
2+
 [18]. From our XRD it is evident that 
there exists a peak which corresponds to Ho3Fe5O12 phase, hence, we believe that a 
ferroelectric behaviour and MC behaviour that we observed could be due to extra phase that 
is evident during our phase purity investigation.   
Conclusions: 
In summary, we have successfully demonstrated an increase in spin reorientation transition 
temperature for the compound with a composition x = 0.5 and the magnetocapacitance 
behaviour in HoFeO3 compound. The shift in SR transition to high temperature for x = 0.5 
compound ascribed to the  domination of Ho
3+
 - Fe
3+
 interaction over the Fe
3+
 - Fe
3+
 
interaction. On the other hand, smaller effective magnetic moment of Cr
3+
 compared with 
Fe
3+
 diminishes the Néel temperature as well as the magnetization. In addition to the above, 
the reduction in the HC up on the Cr
3+
 addition suggests the magnetically softening of the 
HoFeO3 compound. Observed magnetocapacitance and ferroelectric behaviour in HoFeO3 is 
believed due to the lossy dielectric mechanism as a result of an extra phase Ho3Fe5O12.  We 
believe that the present results would be helpful not only to understand the complex magnetic 
interactions in orthoferrites but also to develop devices based on them.   
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Fig. 1: Room temperature powder XRD patterns of HoFe1-xCrxO3 (a) x = 0 (b) x = 0.5.  
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Fig. 2: (a) Susceptibility variation for the compounds HoFe1-xCrxO3 (x = 0, 0.5) in the 
temperature range 5 – 300 K.  Inset of (a) shows DSC heat flow curve for HoFeO3 in the 
temperature range of 400-800 K (b) Inverse susceptibility vs. T for the compound 
HoFe0.5Cr0.5O3. It is evident that above TN2 (273 K), graph shows linear behaviour.    
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 Fig. 3: Magnetic field vs. Magnetization graph for HoFe1-xCrxO3 (x = 0, 0.5) compounds (a) 
at 300 K. Inset shows the expanded view for x = 0 compound (b) Magnetization graphs at 5 K 
for x = 0 and x = 0.5 compounds respectively.   
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Fig 4: (a) Magnetic field vs. capacitance of HoFeO3 at 300 K with 100 Hz frequency (b) 
Electric polarization (P) vs. electric field (E) hysteresis loops of HoFeO3 measured at 300 K 
with 100 Hz frequency. 
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